In European countries with temperate climates, heating represents approximately 70% of the total energy consumption of a residential building. Different Directives of the European Parliament and Council prescribe the enhancement of energy efficiency and the reduction of energy demand of buildings. Consequently, the control of delivered heat is indispensable. The proper operation of the control system is possible only for balanced central heating systems. In the case of central heating systems with a constant supply temperature, the effects of mass flow deviation on the indoor temperature can be determined using only iterative methods. In this paper, the indoor temperature variation is analyzed for different mass flow deviations, and the effects of unbalancing are analyzed for a refurbished building.
Introduction
Different Directives of the European Parliament and Council prescribe the enhancement of energy efficiency and the reduction of energy demand of buildings (EC Directive, 2010) . Thermal comfort is a special issue of building services engineering because a subjective sensation must be rated with objective indexes. The comfort sensation of occupants is influenced by numerous factors (lighting, noise, temperature, health, age etc.) . Thermal comfort depends particularly on: indoor air temperature, mean radiant temperature, relative humidity, relative velocity of air, thermal insulation of clothing and activity level.
From these six parameters, four can be influenced by installed heating, ventilation and air conditioning (HVAC) systems (Kalmár and Kalmár, 2010 , 2011 , 2013 . The objective of HVAC systems design is to ensure optimal thermal conditions for the occupants to obtain maximal efficiency of the work performed or to ensure optimal conditions for regeneration. This objective can be fulfilled only with properly balanced central heating systems (Kalmár, 2011) . The aim of central heating system balancing is to ensure the designed mass flow in each heater (radiator, fan coil, floor heating circuit etc.) at the lowest possible pump rotation speed. Hydronic balancing is an essential procedure for the successful operation and optimization of a radiant floor heating system (Rhee et al., 2010) .
In a central heating system, the resistances of the heating circuits are different. For example, the higher hydraulic resistance can be determined by the physically shortest circuit. The hydraulic resistance of a circuit practically means the sum of the major and the minor pressure losses.
In the case of an open system, further resistance is generated by the geodetic lift and available pressure at the consumers. Central heating systems are usually closed systems; consequently, in this case, geodetic lift and available pressure at consumers do not exist. The total pressure loss (sum of major and minor) is given by Eq. (1):
From the equation, the pressure loss varies with the square of the flow velocity. This practically means that the pressure loss depends on the square of the mass flow. Consequently, the system characteristic is parabolic and the affinity laws are valid.
If the hydraulic resistances of the heating circuits are different, the fluid flows are prioritized in circuits with low resistance. Consequently, in circuits with low resistance, a supplementary hydraulic resistance must be built in artificially. This process practically represents the hydraulic balancing of the heating system. The balancing process is appropriate if the supplementary hydraulic resistance has the minimal required value. In this case, the pump will operate at the designed duty point.
All other cases indicate that the heating system is not properly balanced. In unbalanced heating systems, the energy use is higher than the minimum necessary value. Furthermore, there will be overheated rooms and rooms in which the indoor temperature will be lower than the set point value. Consequently, the thermal comfort conditions will be worse at a higher energy use.
In Hungary, practice has shown that in 90% of central heating systems, the measured mass flow is 150% of the designed value. According to thermal comfort theory, even in the case of properly designed and operated HVAC systems, 5% of the occupants will be dissatisfied with the obtained thermal comfort. Fanger built his PMV-PPD diagram in 1970 (Fanger, 1970) .
Requirements of balancing
The 40/2012 (VIII.13) BM decree prescribed the balancing of central heating systems, setting of the pump duty point and the randomized control of 10% of the balancing valves setting, but it does not prescribe a requirement related to accepted mass flow deviation (Regulation 40, 2012) .
Consequently, based on the experience of foreign practitioners, in Hungary, the accepted deviation of the mass flow is 10%. There are special cases, e.g., the accepted deviation of the mass flow is established in common by the owner and the contractor.
Mathematical model of balancing
Under steady state conditions in a heated room, the equality of three equations is fulfilled, (Kalmár, 2011): a) the equation of heat carrier cooling in the radiator (Eq. 2):
b) the heat transfer equation between heat carrier and indoor air (Eq. 3):
where the mean logarithmical temperature difference t mln is given by Eq. (4).
c) the heat loss equation of room/building:
Some notifications are considered: -the radiator surface variation dependence on temperature is neglected;
-the variation of heat transfer coefficient of radiator and of building elements dependence on temperature is neglected.
Eqs.
(2), (3) and (5) are influenced by three parameters:
-return temperature of the central heating system, which affects the Eq. (2) and (3); -indoor temperature, which affects Eq.
(3) and (5); -mass flow of the heat carrier (warm water), which affects Eq. (2).
The system of Eqs.
(2), (3), (5) can be solved only by using iterative methods.
Assuming a certain operation state and the design operation state of the central heating system, the equation system can be written as given by Eq. (6). 
where the parameters with index "0" involve the design conditions, and the parameters without index "0" involve a certain operation state.
In the following, the effects of hydraulic balancing of a central heating system with constant supply temperature on the indoor temperature are analyzed in the case of the designed outdoor temperature. The design values of t s0 , t r0 and t e0 are assumed to be known. Because the supply temperature is assumed to be constant, t s = t s0 (in the following we use t s ), the outdoor temperature is t e = t e0 (in the following we use t e ), and the air density is  e =  e0 , Eq. (6) can be written as expressed by Eq.
For the water side, Eq. (8) can be written as:
From Eq. (8), the indoor temperature can be expressed in two steps (Eqs. 9, 10):
Based on Eq. (10), each return temperature (t r ) fits an indoor temperature (t i ). Each calculated indoor temperature value involves a Q/Q 0 ratio. If the difference between this Q/Q 0 ratio and the Q/Q 0 ratio determined from Eq. (8) is lower than 10 -5 , then the iterative calculation process is solved. The iterative calculation process was performed for radiator exponents between 1.2 -1.4, with a step of 0.01.
The effect of mass flow deviation was analyzed for mass flow ratios between: 0.25 -1.5 with a step of 0.05. For mass flow ratios higher than 1.5, the step of the ratio increment was increased because these deviations are rare in practice. The analysis was performed even for extremely high mass flow ratios to verify the theoretical validity of the mathematical model.
Effects of balancing of the constant supply temperature central heating system on the indoor temperature
The Technical Report (1998) defines three comfort categories for buildings. For these A, B and C categories, the operative temperature is prescribed with a certain accepted deviation. The operative temperature depends on the indoor air temperature and the mean radiant temperature of enclosure. Practice has shown that in the case of air velocities lower than 0.2 m/s and for differences between the indoor air temperature and the mean radiant temperature lower than 4 0 K, the operative temperature can be assumed as the mean of these temperatures. In that special case when the air temperature and the mean radiant temperature are equal, the operative temperature is equal to the air temperature. To simplify the calculations, the analysis was performed for this special situation.
Performing the iterative calculations, it can be stated that increasing the mass flow results in the indoor temperature converging to a certain value. Consequently, in the case of a constant supply temperature central heating system, under steady state conditions, at the designed outdoor temperature, the maximum value of the indoor temperature does not depends on the heat demand of the room. The maximum of the indoor temperature, which is obtained at infinitely high mass flow, is influenced by the indoor set point temperature, by the temperature drop of the heating system and the radiator exponent.
For example, in case of a central heating system with a temperature drop of 80/60˚C, outdoor design temperature of -15˚C and indoor set point temperature of 22˚C, for values of the radiator exponents between 1.2-1.4, the maximum value of indoor temperature is given by Eq. (11).
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For the accepted deviations of the operative temperature given by CR 1752, a certain deviation of the mass flow can be identified. For example, in the case of the "A" comfort category, for the 1 C accepted indoor temperature deviation, if the radiator exponent is between 1.20-1.25, the corresponding acceptable mass flow deviation is -15% -+25%. If the radiator exponent is between 1.25-1.4, the accepted mass flow deviation is -15% -+20%. This means that the balancing process must be performed with an accuracy of 85%-125% and 85%-120% for the radiator exponent of 1.20-1.25 and 1.25-1.4, respectively (Table 1 ).
In the case of the "B" comfort category of a building, the accepted indoor temperature deviation is 2 ˚C. For this deviation, the accepted mass flow ratio interval can be determined (Table 2 ). In this case, the minimum accepted balancing is 75% and the maximum is 150%. In the case of the "C" comfort category of a building, the accepted indoor temperature deviation is 3 ˚C. For this deviation, the accepted mass flow ratio interval can be determined (Table 3 ). In this case, the minimum accepted balancing is 65% and the maximum is 200%. The required mass flow balancing depending on the building comfort category and radiator exponent is presented in Table 4 .
Solving the balancing equations, it can be stated the variation of the indoor temperature is concave. In practice, the infinitely high mass flow is absurd, and even a mass flow ratio of 100 is not realistic, but from a theoretical point of view, it is interesting to observe the effects of such a high mass flow deviation. Performing the calculation for different mass deviations, it can be stated that for mass flow ratios tending to infinity, the deviation of indoor temperature exceeds only by 0.6 ˚C the deviation of the indoor temperature obtained for a mass flow deviation of 10.
Taking as a reference the indoor temperature deviation obtained for an infinitely high mass flow ratio, the differences of indoor temperature deviations obtained for other mass flow ratios, depending on the radiator exponents, are presented in Table 5 . In practice, the accuracy of "traditional" air temperature sensors is 0.5 ˚C; consequently, the 0.6 ˚C temperature deviation is barely detectable. At the same time, the infinitely high mass flow theoretically means an infinitely high amount of energy consumption.
Case study
Using the mathematical model presented above, we analyze the effects of hydraulic balancing in the case of a building built in the year 2000. The thermal properties of the building envelope and the quality of the HVAC systems correspond to the requirements of that period. Assuming the refurbishment of the analyzed building envelope in accordance to the requirements of TNM 7/2006 Regulation (Regulation 7, 2006 and the requirements expected in year 2020, the effects of unbalancing is analyzed considering the original central heating system.
The net floor area of the analyzed building is 138 m 2 , the overall heat transfer coefficient of external wall is 0.58 W/m 2 K, the heat transfer coefficient of the windows and doors is 2.0 W/m 2 K, the overall heat transfer coefficient of the flat roof is 0.29 W/m 2 K and the fictive linear heat transfer coefficient of the floor placed directly on the ground is 0.95 W/mK. The air change rate (ACH) was assumed to be 0.8 h -1 . The obtained heat demand of the building is 13.38 kW. Refurbishing the building according to TNM Regulation 7/2006 (R1) using EPS polystyrene, the thickness of the additional insulation layer in the case of the external wall is 4 cm; in the case of the flat roof, the additional thickness is 20 cm.
The new windows and doors have a heat transfer coefficient of 1.6 W/m 2 K. Because the building air tightness is improved, the ACH is 0.5 h -1 . In this case, the heat loss of the refurbished building will be Q 2006 = 10.1 kW. Assuming the expected requirements in year 2020 (R2), the thickness of the additional insulation layer in the case of an external wall should be increased further to 16 cm, and in the case of a flat roof, the further additional insulation layer thickness is 10 cm. The new windows and doors have a heat transfer coefficient of 1.0 W/m 2 K. The heat loss caused by infiltration is reduced to ACH = 0.1 h -1 . The heat loss of the refurbished building will be Q 2020 =5.04 kW.
The heat transfer coefficients of the external building elements are presented in Table 6 . The floor structure was not changed after refurbishments. The heat loss values of the building in its original state and after refurbishments are presented in Fig. 1 .
After the first refurbishment, according to the TNM 7/2006 Regulation requirements for refurbishment, the heat loss of the analyzed building decreased by 25%. Assuming a refurbishment according to the expected requirements in 2020, the heat loss of the building is expected to decrease by 62%. In this analysis, the variation of the physical parameters of the insulation materials was neglected (Lakatos and Kalmár, 2013a, 2013b; Lakatos, 2014) .
Fig. 1. Heat loss of the analyzed building
If the central heating system remains unchanged, after building refurbishments because the heat demand decreased considerably, this system will be over dimensioned. For example, in the living room, having a net floor area of 51.6 m 2 , the original heat loss was 5441 W; after refurbishment R1, the heat loss decreased by 25%, and after refurbishment R2, the heat loss is expected to be reduced by 62%. If the pump is not changed or the duty point is not set to the required flow and head, assuming that before refurbishment the heating system was properly balanced, because of the heat demand reduction, the original mass flow will be higher by 33% in the case of refurbishment R1 and by 138% in the case of refurbishment R2. Consequently, 22 higher indoor temperatures will be obtained. These values are presented in Table 7 .
Conclusions
Balancing of central heating systems is a fundamental requirement to minimize the energy as much as possible. However, the majority of heating systems are unbalanced; consequently, the operation is wasteful from the energy point of view. Furthermore, in the case of unbalanced heating systems, the indoor air temperature will be higher or lower than the set point value; consequently, comfort problems may appear. To ensure the requirements of CR 1752, related to different comfort categories, the maximum admissible mass flow deviation was determined. In the case of building refurbishment, it is of high importance to adjust the central heating system to the new energy requirements of the building; otherwise, overheating, unbalancing and discomfort problems may appear.
